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Abstract 
Iterative computational models have been used to investigate the regulation of bone fracture 
healing by local mechanical conditions. Although their predictions replicate some mechanical 
responses and histological features, they do not typically reproduce the predominantly radial 
hard callus growth pattern observed in larger mammals. We hypothesised that this 
discrepancy results from an artefact of the models’ initial geometry. Using axisymmetric 
finite element models, we demonstrated that pre-defining a field of soft tissue in which callus 
may develop introduces high deviatoric strains in the periosteal region adjacent to the 
fracture. These bone-inhibiting strains are not present when the initial soft tissue is confined 
to a thin periosteal layer. As observed in previous healing models, tissue differentiation 
algorithms regulated by deviatoric strain predicted hard callus forming remotely and growing 
towards the fracture. While dilatational strain regulation allowed early bone formation closer 
to the fracture, hard callus still formed initially over a broad area, rather than expanding over 
time. Modelling callus growth from a thin periosteal layer successfully predicted the 
initiation of hard callus growth close to the fracture site. However, these models were still 
susceptible to elevated deviatoric strains in the soft tissues at the edge of the hard callus. Our 
study highlights the importance of the initial soft tissue geometry used for finite element 
models of fracture healing. If this cannot be defined accurately, alternative mechanisms for 
the prediction of early callus development should be investigated. 
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1 Introduction 
It is well established that the degree of movement at a fracture site influences both the rate 
and the nature of the bone healing process (Einhorn 2005; McKibbin 1978). In almost all 
cases, this process involves the formation of a callus around the fracture, which provides 
stability and a “scaffold” in which new bone may form. The current prevailing hypothesis is 
that the regulation of intramembranous and endochondral bone formation in the callus is 
dominated by the local mechanical conditions under loading (e.g. stress, strain) (Carter et al. 
1988; Claes and Heigele 1999; Prendergast et al. 1997). These conditions are in turn altered 
by the resulting changes in tissue geometry and stiffness. Finite element analysis has been 
used to explore potential mechano-regulatory mechanisms. Algorithms have been developed 
to change material properties over time, according to hypothetical “differentiation” rules 
(Ament and Hofer 2000; Bailón-Plaza and van der Meulen 2003; Byrne et al. 2011; Chen et 
al. 2009; García-Aznar et al. 2007; Gómez-Benito et al. 2005; Gómez-Benito et al. 2006; 
Isaksson et al. 2009a; Isaksson et al. 2006a; Isaksson et al. 2008a; Isaksson et al. 2008b; 
Isaksson et al. 2009b; Isaksson et al. 2006b; Lacroix and Prendergast 2002a; Lacroix and 
Prendergast 2002b; Shefelbine et al. 2005; Simon et al. 2011; Steiner et al. 2013; Wehner et 
al. 2010). Typically these rules have been based on local deviatoric and/or dilatational 
components of stress and/or strain. While models have been able to respond to different 
mechanical environments (e.g. fracture gap size and loading), the predicted route of callus 
development over time is often questionable. The changes in callus geometry and 
composition are critical to the changes in mechanical conditions over time. Moreover, the 
spatial distribution of each tissue comprising the callus at any given time provides feedback 
on the suitability of a model’s tissue differentiation criteria. 
As depicted in Fig. 1b, mechano-regulatory algorithms to date typically predict that hard 
callus growth originates at a distance of over 10mm from the fracture (Chen et al. 2009; 
Isaksson et al. 2006a; Isaksson et al. 2008a; Isaksson et al. 2006b; Lacroix and Prendergast 
2002a; Simon et al. 2011). While this pattern appears consistent with histology from rodent 
models (Einhorn 1998; McKibbin 1978), experiments in sheep suggest a different growth 
trajectory for larger animals (Fig. 1a). Histology from such experiments typically shows a 
widespread periosteal response to injury, but also distinct bone growth centres (Fig. 2; Epari 
2006; Epari et al. 2006a). Providing damage to the periosteum is minimal (i.e. <1mm from 
the fracture surface), hard callus appears to expand from the region immediately adjacent to 
the fracture. This pattern (Fig. 1a) is particularly apparent in experiments using multiple 
fluorochrome labelling of bone deposition (Claes and Heigele 1999; Claes et al. 2000; 
Stürmer 1984). We hypothesized that the apparent discrepancy between predicted and 
observed callus growth trajectories (Fig. 1) results from an artefact of the finite element 
models. 
Most iterative finite element models to date have begun with a field of “undifferentiated 
tissue” around the fracture site, within which bone, cartilage and fibrous tissue can develop 
(Bailón-Plaza and van der Meulen 2003; Byrne et al. 2011; Chen et al. 2009; Isaksson et al. 
2006a; Isaksson et al. 2008a; Isaksson et al. 2006b; Lacroix and Prendergast 2002a; Lacroix 
and Prendergast 2002b; Lacroix et al. 2002; Shefelbine et al. 2005; Simon et al. 2011; Steiner 
et al. 2013; Steiner et al. 2014). This allows callus growth and differentiation to be modelled 
as changes in material properties and, along with appropriate constraints, helps ensure that a 
numerical solution can be obtained for each time step. However, the finite element analyses 
show high deviatoric strains in this soft, “undifferentiated tissue”, radiating from the edge of 
the fracture (Claes and Heigele 1999; Epari et al. 2006b). According to the mechano-
regulatory models presented to date, these strain levels preclude formation of bone and 
cartilage adjacent to the fracture. 
Gómez-Benito et al. (2005) highlight that the callus geometry, in reality, changes with 
mechanical conditions. The size and shape of the callus, in turn, affect its mechanical 
function. Their model introduced a means to grow the callus in response to local mechanical 
conditions, starting from a thin periosteal layer. This presents an alternative initial state for 
comparing the resulting strain distributions and investigating their impact on the predicted 
development of the callus. 
We investigated whether the high strain adjacent to the fracture represents an artefact peculiar 
to models with a pre-defined “proto-callus”, and how modelling callus growth might mitigate 
its effects on the prediction of early hard callus development. We tested the geometry-
dependence of the high-strain region by creating axially loaded, axisymmetric finite element 
models with either the “proto-callus” used by Isaksson et al. (2006b) and Lacroix and 
Prendergast (2002a) or soft tissues confined to an inter-cortical clot and a thin periosteum. To 
individually address the effects of distortional (deviatoric) and volumetric (dilatational) 
strains on tissue changes, we used iterative healing models regulated by a single parameter, 
adapted from Isaksson et al. (2006b). Because such models are phenomenological, each 
parameter is used to represent the strain environment generally, rather than specifically 
predict cell stimuli or tissue failure. We examined two approaches to minimise the effects of 
elevated deviatoric strains on the predicted  hard callus development: (a) regulation according 
to dilatational strain and (b) implementing an algorithm to “grow” the callus from the 
periosteum. The efficacy of each approach was assessed by comparing the predicted pattern 
of hard callus development to histology from ovine fracture healing experiments. 
2 Methods 
2.1 Finite Element Model 
All finite element analyses were conducted using Abaqus/Standard (version 6.12-2, Dessault 
Systèmes Simulia Corp., Providence, RI, USA). 
All models were axisymmetric and composed of uniformly 0.25mm square 4-node elements 
(CAX4). The uniform mesh allowed ready comparison between different geometries, and 
simplified proximity calculations and tacit growth rates in the iterative healing models 
detailed below. 
The geometry (Fig. 3) was based on that of Isaksson et al. (2006b) and Lacroix and 
Prendergast (2002a), with a 40mm length of cylindrical diaphyseal bone divided in half by a 
3mm fracture gap. The inner and outer diameters of the cortex (C) were 7mm and 10mm 
respectively. The fracture gap was filled with granulation tissue (G) between the cortices, and 
to a thickness of 5mm in the medullary cavity. Symmetry was assumed about the fracture 
gap, so only half the geometry was modelled (i.e. total model length of 20mm with a 1.5mm 
fracture gap), with a zero-axial-displacement constraint applied at the mid-line of the fracture. 
All material properties were assumed to be elastic, and the effect of combined tissue types at 
intermediate stages of differentiation was modelled using rules of mixtures as detailed in 2.4 
below. Component elastic moduli and Poisson’s ratios were taken from Simon et al. (2011), 
as summarised in Table 1. 
2.2 Initial Soft Tissue Geometry 
The basic model assumed the domain in which callus could develop consisted initially of 
granulation tissue (Isaksson et al. 2006b; Lacroix and Prendergast 2002a; Simon et al. 2011). 
This domain (G1 in Fig. 3) was defined by an arc crossing the fracture mid-plane at a radius 
of 14mm and extending 15mm along the periosteal surface (Isaksson et al. 2006b; Lacroix 
and Prendergast 2002a). 
To test the effect of this presumed “proto-callus” on the calculated mechanical environment, 
further models were constructed, in which this was not present. Rather, the initial soft tissues 
were limited to a periosteum (fibrous tissue) of 0.25mm (single element) thickness and the 
haematoma (granulation tissue) between the cortices and in the marrow cavity. 
2.3 Static Analyses 
A 600N load was applied to the upper end of the cortical bone segment, representing 
physiological weight-bearing in the sheep tibia (Isaksson et al. 2006b). An absolute 
displacement limit was applied to the fractured end of the cortex, as a simplified version of a 
telescoping fixator – i.e. zero fixation stiffness within the limit, and infinite stiffness beyond 
it. We used the 7% and 31% interfragmentary strains used by Claes et al. (1997) as limits 
representing low- and high-strain cases. 
The deviatoric (εdev) and dilatational (εdil) strains were calculated from the principal strains 
(ε1, ε2, ε3) in the user material (UMAT) subroutine. They were written to the output database 
as user-defined output variables (via the UVARM routine), for visualisation. 
To confirm the adequacy of the 0.25mm mesh, the basic model (with “proto-callus”) under a 
100N load (approximately 27% interfragmentary strain) was re-tested with an element size of 
0.1mm. This resulted in identical deviatoric and dilatational strain distributions and less than 
0.2% difference in the interfragmentary displacement. The strain energy density (calculated 
in UMAT and output via UVARM) showed no anomalies in either model. 
2.4 Iterative Tissue Differentiation Model 
Using the 600N load and 7% and 31% gap displacement limits described above, an iterative 
scheme was introduced to regulate tissue formation and differentiation over time, according 
to mechanical criteria. Tissue changes were controlled via user-defined mechanical 
properties, in association with the corresponding UMAT subroutine. Mechanical properties 
were derived from rules of mixtures (Simon et al. 2011) and average compositions over the 
past 10 iterations (Lacroix 2000) – equations (1) and (2), where E is the Young’s Modulus, ν 
is the Poisson’s Ratio, ntissues (= 5) is the number of changeable tissue types (see Table 1), and 
hi is the proportion of the last 10 iterations in which tissue i has been present. 
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During the first nine time increments, a “pre-history” of 10 increments before t = 0 was 
assumed for each tissue type, to avoid abrupt changes. The composition history of each 
element was stored (as 10 binary digits converted to a decimal value) in user-defined state 
variables associated with each tissue type. These variables were copied (via the URDFIL user 
subroutine) to arrays stored within the regulating FORTRAN routines at the completion of 
each model increment (nominally representing one day). 
Rather than assume cell migration and proliferation behaviour, we elected to restrict the 
formation of new fibrous tissue, cartilage and bone to existing surfaces, beginning at the 
endosteal and periosteal surfaces of the cortex. Although this simplifies the models of 
Isaksson et al. (2006b) and Lacroix and Prendergast (2002a), it is consistent with the 
histological appearance of periosteal callus growth (Claes and Heigele 1999; Claes et al. 
2006; Epari 2006; Epari et al. 2006a; Stürmer 1984). Combined with this rule, the uniform 
mesh density defines a tacit constant rate for cell migration and proliferation, with fibrous 
tissue growth progressing where mechanical conditions preclude bone or cartilage formation. 
Furthermore, bone was only permitted to form only on existing bone surfaces (Claes and 
Heigele 1999); this rule was assumed to incorporate both osteogenic and vascular 
requirements. 
Tissue changes were implemented according to the mechanobiological rules set out in Table 
2. The deviatoric strain criteria of Isaksson et al. (2006b) were adapted for the linear elastic 
material properties of Simon et al. (2011). The strain levels corresponding with each range 
are listed in Table 3. In the first instance, regulation was based on deviatoric strain, as 
Isaksson et al. (2006b) found such a scheme reasonably approximated experimental data. A 
second set of models used dilatational strain to regulate tissue changes; these strain ranges 
were again based on those of Simon et al. (2011). The marrow and cortical bone were kept 
unchanged. 
The applied load was held constant throughout the iterative differentiation process, which ran 
for 28 increments, to simulate four weeks of healing. The interfragmentary movement and the 
reaction force at the fracture midline were reported for each increment, with the latter 
indicating the share of the load transmitted through the fracture site. Deviatoric and 
dilatational strains, and the calculated elastic moduli, were plotted for each model at the end 
of each “week”. 
2.5 Callus Growth Algorithm 
Beginning with the periosteum-only model described above, a field of “null” elements was 
introduced to fill the remaining blank area of a 20 × 20mm model domain. These were 
assigned an elastic modulus of 1kPa and a Poisson’s ratio of 0.167. Models with each initial 
geometry were tested with and without the “null” elements, to verify that the growth field had 
a minimal effect on the strain in the “active” (tissue-containing) elements and on 
interfragmentary movement. 
Appositional growth was implemented by maintaining a layer of “periosteum” at the outer 
boundary of the callus. To achieve this, the algorithm introduced undifferentiated 
(granulation) tissue to a “null” element when adjacent to one or more elements in which bone 
or cartilage was newly formed. 
The outer radius of the periosteal callus and the inner radius of the endosteal callus were 
tracked throughout the iterative procedures. To prevent failure of the model due to excessive 
distortion in “null” elements, the algorithm filled any space between the extents of the callus 
and the fracture plane with granulation tissue. Similarly, granulation tissue was introduced 
where two or more tissue-containing elements were adjacent to a “null” element and under 
substantial deviatoric strain, to avoid pinching deformation. 
3 Results 
3.1 Mechanical Effects of Initial Soft Tissue Geometry 
The deviatoric and dilatational strains resulting from high- and low-displacement cases, for 
models incorporating either a presumed “proto-callus” or a single-element-thick 
“periosteum”, are shown in Fig. 4. In each case, the strain levels shown on the contour plots 
correspond to the tissue differentiation ranges listed in Table 3. 
In the more stable case (7% interfragmentary strain), according to both deviatoric and 
dilatational strain criteria, osteogenic strains (indicated by B in the figure) occurred close to 
the fracture gap on both periosteal and endosteal surfaces. However, osteogenic strain levels 
occurred along the entire periosteal surface covered by an initial “proto-callus”, while a 
uniformly thin “periosteum” confined these strains to about 1mm from the fracture. All 
models showed chondrogenic strain levels (denoted by C) occurring in the fracture gap under 
7% interfragmentary strain. 
The less stable conditions (31% interfragmentary strain) preclude the formation of bone or 
cartilage in the gap region (in Fig. 4, F indicates strains favouring fibrous tissue formation). 
The presence of a periosteal “proto-callus” results in large deviatoric strains radiating from 
the outer edge of the fracture, whereas the high strains occur within less than 1mm of the 
fracture edge in the “periosteum” model. Therefore, deviatoric strain criteria predict the 
initial hard callus formation (B) remote from the fracture when an initial callus comprising 
granulation tissue is presumed, but adjacent to the fracture when not. An intermediate zone of 
cartilage formation (C) was also predicted by the “proto-callus” model, with this being 
minimal for the “periosteum” model. Dilatational strain again showed minimal restriction of 
early bone formation. As observed for the 7% case, it permitted bone formation along the 
entire “proto-callus”/cortex interface, but constrained it to approximately 1mm from the 
fracture with no presumed callus shape. Chondrogenic dilatational strains were confined to 
the medullary cavity and small regions peripheral to the fracture gap for both geometries. The 
“proto-callus” causes a region of positive (tensile) dilatational strain adjacent to the fracture, 
which is not present for the “periosteal” geometry, but due to its low magnitude, it has a 
minimal effect on predictions of bone formation. 
Constraining the displacement across the fracture gap to 0.21mm (7% of the 3mm gap) 
limited the load through the fracture to 76N for the model featuring a “proto-callus” 
consisting of granulation tissue. This reduced to 60N when the periosteal granulation tissue 
was reduced to a layer 0.25mm thick. For the less stable case, with the gap deformation 
limited to 0.93mm (31%), the loads transmitted through the fracture increased to 376N and 
306N for “proto-callus” and “periosteum” cases respectively. 
3.2 Predicted Callus Development With Deviatoric and Dilatational Strain Criteria 
Using the deviatoric strain rules detailed in 2.4, the formation of initial hard callus was 
inhibited only in the vicinity of the fracture; irrespective of the interfragmentary strain, it 
extended to the far tip of the “proto-callus” (Fig. 5a, b). With the lower interfragmentary 
strain limit (7%), both endosteal and periosteal bone formation was permitted adjacent to the 
fracture site (Fig. 5a; IB denotes intramembranous bone formation). The lower mechanical 
stimulus slowed bone growth remote from the fracture, but minimal resorption was observed 
over the four-week simulation. The relatively low strain in the fracture gap enabled the 
growth of cartilage (C), providing sufficient stability to allow endochondral ossification (EB) 
to progress the bone front into the gap. This was also reflected in full load transmission and 
reduced interfragmentary movement in the third week. Bony bridging commenced in week 4. 
The higher interfragmentary strain limit (31%) restricted initial bone formation (IB) to the 
periosteal region, commencing about 3mm from the fracture (Fig. 5b). The high strain in and 
adjacent to the fracture gap permitted only fibrous tissue growth. Cartilage (C) formed both 
periosteally and endosteally, a small distance from the gap. Its growth circumvented the 
elevated strain extending obliquely from the fracture edge. This effect was diminished once 
the cartilage had extended beyond the hard callus, at which point growth progressed towards 
the gap. Both intramembranous (IB) and endochondral (EB) ossification expanded the hard 
callus in the radial direction, with its maximum radius remaining some millimetres from the 
fracture. The fracture gap was bridged first by medullary cartilage, but this was separated 
from the cortex. Periosteal bridging was not complete by the end of the four-week simulation, 
but full load transmission through the fracture was reached in the third week. Although the 
hard callus reached a smaller diameter than in the 7% case, the soft callus reached the outer 
boundary of the “proto-callus”. 
Because the elevated deviatoric strain adjacent to the fracture gap (Fig. 4) appeared to be an 
artefact, an algorithm using dilatational strain to characterise the mechanical environment 
was also tested (see 2.4). With a 7% interfragmentary strain limit (Fig. 5c), the progression of 
healing was essentially similar to that predicted under deviatoric strain regulation. Bone 
formation (IB) was more localised towards the fracture, with that towards the tip of the 
“proto-callus” quickly resorbing. Cartilage (C) bridging progressed more quickly, as reflected 
in full load transmission through the fracture during the second week and the corresponding 
reduction in deformation. Bony bridging (via endochondral route; EB) commenced during 
week 3. Consistent with the faster healing rate, a smaller callus diameter was reached, and 
resorption of hard callus away from the fracture was substantial within two weeks. 
The higher interfragmentary movement stimulated bone formation (IB) to the tip of the 
“proto-callus” and cartilage growth (C) from the periosteal and endosteal surfaces adjacent to 
the fracture (Fig. 5d). As indicated by the strain pattern (marked F in Fig. 4), the gap region 
was filled with fibrous tissue. Although periosteal cartilage growth was apparently driven by 
the pressure applied by the hard callus, bridging again occurred when this growth extended 
beyond the radius of bone formation. Cartilage also eventually bridged the gap in the 
medullary region. This bridging gave sufficient stiffness to allow full load transmission by 
the end of week two, followed by steady reduction in interfragmentary movement, and 
allowed endochondral ossification (EB) to progress. Bony bridging did not occur, but 
cartilage began to fill the inter-cortical gap during week 4. Bone resorption was minimal over 
the period simulated. Compared to the 7% case, the 31% interfragmentary strain limit 
produced a greater volume of periosteal callus. 
3.3 Predicted Callus Development With Growth Algorithm 
With the initial periosteal soft tissue field reduced to a 0.25mm layer on the cortical surface, 
and a layer at least one element thick maintained on the growing callus surface, the same 
deviatoric strain algorithm predicted the initiation of hard callus formation (IB) only adjacent 
to the fracture (Fig. 6a, b). It proceeded to grow radially from both cortical surfaces under the 
lower interfragmentary movement, with a proportionate expansion along the periosteal 
surface (Fig. 6a). As in the “proto-callus” model, cartilage formation (C) occurred in the gap 
region, expanding radially with the hard callus. Endochondral ossification (EB) extended the 
bone into the gap on either surface of the cortex, almost closing the gap by the end of the 
simulation. Maximum loading was reached in the third week. 
Although hard callus (IB) was initiated close to the gap under the higher interfragmentary 
strain limit, its expansion was directed away from the fracture by the high deviatoric strains 
in the growing soft callus (Fig. 6b). It reached a smaller radius than in the 7% case, but 
extended further along the periosteal surface. As hard callus growth progressed away from 
the fracture, chondrogenesis (C) drove radial callus expansion nearer to, and peripherally 
growing into, the fracture gap. This was followed by a slower endochondral ossification front 
(EB). A detached region of cartilage also developed in the medullary cavity. Cartilage 
approached bridging of the fracture gap in the third week, allowing full load transmission and 
subsequent reduction in the interfragmentary movement. However, bony bridging did not 
occur within four weeks. As observed in the “proto-callus” models, the greater movement 
produced a larger periosteal soft callus, but a smaller hard callus diameter.  
Regulation by dilatational strain allows hard callus production (IB), concentrated close to the 
fracture, on both periosteal and endosteal sides (Fig. 6c, d), with the lower interfragmentary 
movement allowing it to form immediately adjacent to the gap (Fig. 6c). Under the 7% limit, 
the bridging of the gap with cartilage (C), followed by an endochondral ossification front 
(EB), was similar to that predicted by the “proto-callus” model. However, callus growth 
expanded only from the region adjacent to the fracture, rather than forming over a large area 
and later resorbing. Bony bridging commenced in the third week. 
When subjected to greater interfragmentary strain, the model predicted the formation of a 
larger callus, driven primarily by abundant chondrogenesis (C) adjacent to the fracture (Fig. 
6d). Endochondral ossification in this region (EB), and intramembranous ossification further 
from the gap (IB), progressed at similar rates. Whereas cartilage formation in the “proto-
callus” model was concentrated initially between the opposing lobes of hard callus, here it 
advanced ahead of the hard callus from the earliest stages. Cartilage bridged the fracture gap 
periosteally in week 4, followed by an endochondral ossification front. As observed in the 
“proto-callus” models, full load transmission was reached during the second week. 
4 Discussion 
Over the past two decades, a number of iterative finite element models have been developed 
to study the mechanical regulation of bone fracture healing (Ament and Hofer 2000; Bailón-
Plaza and van der Meulen 2003; Chen et al. 2009; García-Aznar et al. 2007; Geris et al. 2006; 
Geris et al. 2008; Geris et al. 2010a; Geris et al. 2010b; Gómez-Benito et al. 2005; Gómez-
Benito et al. 2006; Isaksson et al. 2009a; Isaksson et al. 2006a; Isaksson et al. 2008a; 
Isaksson et al. 2008b; Isaksson et al. 2009b; Isaksson et al. 2006b; Lacroix and Prendergast 
2002a; Simon et al. 2011; Steiner et al. 2013; Steiner et al. 2014; Wehner et al. 2010). With 
suitable parameters, these have shown some agreement with experimental (histological) data 
at discrete time points, and with general stiffness development and time to healing. However, 
we propose that the predicted patterns of hard callus growth, particularly in the early stages of 
healing, diverge substantially  from those suggested by histology from large animal models. 
The computational models generally predict that the hard callus will form several millimetres 
from the fracture and grow peripherally towards the gap. However, histology and radiographs 
from sheep models shows that the hard callus grows outwards from a region within about a 
millimetre of the fracture (Claes and Heigele 1999; Claes et al. 2000; Epari et al. 2006a; 
Goodship and Kenwright 1985; Stürmer 1984; see also Fig. 1 and Fig. 2). We investigated 
the cause of this discrepancy and potential remedies. 
4.1 “Proto-Callus” and Strain Artefacts 
The majority of iterative models to date have defined an initial field of soft (granulation) 
tissue in which the callus can develop. While this is an efficient strategy for finite element 
modelling, high strains result within the substantial volume of soft tissue attached to the 
fractured bone, in all but highly stabilised cases. When the model algorithm predicts tissue 
differentiation on the basis of strain, the high distortional strain adjacent to the fracture, in 
particular, precludes hard callus formation in the region indicated by histology in the first 
weeks of healing. 
Because histological data show growth of the callus, rather than conversion of an existing 
large field of undifferentiated soft tissue, we tested whether the high strains near the fracture 
are artefacts peculiar to the presence of a “proto-callus”. Varying only the geometry of the 
initial periosteal soft tissue, our static analyses demonstrated that these high deviatoric strains 
(and positive dilatational strains) are indeed present only in the “proto-callus”. This result 
suggests that, if this mass of soft tissue is not present at the earliest stages of healing, the 
initiation of hard callus adjacent to the fracture is not mechanically inhibited. Indeed, if a 
minimum strain is required to stimulate bone formation, it is most likely in this region of the 
periosteum. 
4.2 Iterative Models With “Proto-Callus” 
As expected from the static analyses, the high deviatoric strains resulting from a large 
interfragmentary movement prevented bone formation close to the fracture site. The presence 
of a pre-defined callus shape also resulted in pro-osteogenic strains at the farthest point 
(13.5mm) from the fracture site. These patterns are consistent with the many of the 
mechanically regulated models published to date, with the inhibitory effect being exacerbated 
with larger mismatches between the elastic moduli of adjacent hard and soft tissues and larger 
interfragmentary strains (Byrne et al. 2011; Chen et al. 2009; Isaksson et al. 2008a; Lacroix 
and Prendergast 2002a; Simon et al. 2011). Although similar patterns have been observed in 
early stages of rodent fracture healing (Claes et al. 2006; Einhorn 1998), they are not 
consistent with histology from multiple time-points in sheep models (Claes and Heigele 
1999; Claes et al. 2000; Epari et al. 2006a; Stürmer 1984), in which hard callus expands in a 
chiefly radial direction from the periosteum adjacent to the fracture (with the maximum 
radius typically within 1mm of the fracture edge). Using dilatational strain as the sole 
regulatory stimulus allowed bone formation nearer to the fracture site. Hard callus growth 
was still initiated over most of the periosteal region, but with the lesser stimulus from a lower 
interfragmentary strain limit, resorption of the more distant bony callus commenced within 
two weeks. This seems an unlikely progression in vivo. 
Although experimental studies have shown greater cartilage formation under increased 
interfragmentary movement (Claes et al. 1997; Epari et al. 2006a; Lienau et al. 2006; Vetter 
et al. 2010), the histological data from large animal studies (e.g. Epari et al. 2006a; Vetter et 
al. 2010) do not provide strong evidence for endochondral ossification leading the radial 
expansion of the bony callus. Regulation by dilatational strain therefore provides a more 
realistic localisation of cartilage formation under the higher interfragmentary strain 
conditions. However, under the more stable conditions, both regulatory schemes predicted 
chondrogenesis directly between the cortical fragments. While this may sometimes occur late 
in the bridging process, it has not been reported within the early stages as predicted here. 
By introducing the additional criterion that chondrogenesis could only occur in or adjacent to 
existing differentiated tissue, the models avoided predicting widespread cartilage formation 
within the first weeks of healing, as observed in several comparable models (e.g. Chen et al. 
2009; Isaksson et al. 2006b; Simon et al. 2011). 
The outer boundary of the “proto-callus” was reached only by the cartilaginous soft callus in 
the final two weeks in the less stable case under deviatoric strain regulation. This suggests its 
geometry had minimal impact on restricting continued callus growth and hence also bridging. 
4.3 Callus Growth Model 
Because the elevated strain levels in soft tissues near the fracture edge are virtually 
eliminated when no callus shape is initially presumed, we implemented a simple growth 
algorithm with a minimal starting geometry. Rather than tacitly assume an intact periosteum 
covers a volume of granulation tissue, we assumed the haematoma was bounded by the bone 
cortex and that the cortex was covered by a thin periosteum. Evidence suggests that much of 
the callus originates in the expanding, cell-rich, cambial layer of the periosteum (Joyce et al. 
1990; McKibbin 1978; Stevens et al. 2005). Growth in our model was governed by bone and 
cartilage formation, with the fibrous tissue expanded to maintain a periosteal layer at the 
callus boundary. This generated a reasonable callus shape, with growth depending only on 
the existing tissue differentiation rules. 
Models based on this starting geometry and growth mechanism, with either deviatoric or 
dilatational strain regulation, restricted growth of early hard callus to the region adjacent to 
the fracture edge, in agreement with the scheme depicted in Fig. 1a. However, the strategy 
delayed, but did not eliminate, the effect of high deviatoric strains adjacent to the fracture 
edge. In the large-displacement case, this elevated strain developed in the soft tissue between 
the expanding callus and the fracture mid-line and directed the growth of the hard callus 
away from the fracture site (Fig. 6b). Successive fluorescent labelling (e.g. Fig. 1a) gives no 
indication that the zone of soft tissue outside the fracture gap becomes wider (in the axial 
direction) as the callus grows. Therefore, the hard callus growth patterns predicted with both 
model geometries suggest a problem with either the modelling methods (e.g. soft tissue 
and/or interface properties) or the strain-dependent regulation algorithms.  
Using dilatational strain to regulate tissue changes allowed bone growth to continue adjacent 
to the fracture, however it was preceded from the earliest stages by a chondral phase. Under 
both regulatory regimes, the faster-growing cartilage led to a larger diameter callus for the 
high-strain case, as observed in the “proto-callus” models and experimentally. However, the 
predicted protrusion of soft callus substantially beyond the hard callus, and this being 
required to allow bridging of the fracture gap, is not apparent histologically in large animal 
models (Claes and Heigele 1999; Epari et al. 2006a). 
In the low interfragmentary movement case, both regulation algorithms produced similar 
results to the “proto-callus” models. The chief difference was that they contained callus 
formation to a region closer to the fracture site. This is consistent with experimental 
observations that more stable fractures produce less callus (e.g. Claes et al. 1997; Goodship 
and Kenwright 1985). However, although the growth models improved the general callus 
morphology, bridging again occurred through endochondral ossification, which seems 
unlikely under relatively stable conditions. 
Gómez-Benito et al. (2005; 2006) and García-Aznar et al. (2007) highlighted the dependence 
of callus geometry on mechanical conditions. They introduced a more complex algorithm, in 
which callus geometry and composition are governed by cell proliferation and differentiation, 
whose rates are mechanically regulated. The resulting callus shapes (defined by stem cell 
growth) are consistent with observed responses to varying degrees of mechanical stimulus, 
although the variation with load magnitude was limited. As observed in our study, the 
presence of soft tissue ahead of bone and cartilage appeared to hamper the mechanical 
stimulation of bone formation close to the fracture, in the more severe load cases. 
Our chief interest in this study was in the predicted distribution of tissue in the first two to 
three weeks of callus formation. Over this period, neither bridging nor substantial cartilage 
formation would be expected in vivo, and the effective stiffness across the fracture site 
remains low (Jenkins and Nokes 1994; Kaplan et al. 1985). Nonetheless, we monitored the 
reaction forces at the fracture mid-plane and displacements at the cortical edge. These 
showed similar mechanical responses for “proto-callus” and “periosteum” models under 
identical regulation regimes. This suggests firstly that any hard callus formed remote from the 
fracture contributes little to the effective stiffness, but perhaps more importantly, that 
mechanical characterisations are not sufficient to validate rules predicting tissue formation 
and differentiation. 
4.4 Modelling Limitations and Future Directions 
Our aim in the present study was not to critique specific models or evaluate particular 
differentiation criteria; it is extremely rare for models to be presented in sufficient detail to 
enable exact reproduction. Also, it was not our intention to develop a completely new 
modelling scheme. Our aim was rather to address the influence of the initial soft tissue 
geometry on the predicted patterns of tissue formation. Therefore, we opted for a relatively 
simple implementation and focussed on the effects of deviatoric and dilatational strains 
individually. 
Although many computational models use a combination of mechanical parameters to 
regulate tissue changes, we found that deviatoric strain was dominant in restricting early hard 
callus formation (see Fig. 4), which was our chief interest. Isaksson et al. (2006b) also found 
that this parameter alone was adequate for prediction of fracture healing in an axially loaded 
model. In this study, models regulated by each parameter predicted similar patterns of bone 
and cartilage formation. This suggests that either parameter can perform adequately, if taken 
to represent the local mechanical state generally, rather than a specific biophysical stimulus. 
We consider this reasonable, given the broad range of potential mechanical properties for the 
tissues comprising the fracture callus (Isaksson et al. 2009b; Steiner et al. 2013; Yamada 
1970). While combining stimuli (e.g. Claes and Heigele 1999) may better localise 
chondrogenesis in the higher-displacement cases shown here, basing regulation on single 
parameters allowed us to isolate the specific effects of the strain artefact. 
None of the models were able to predict the radial outgrowth of hard callus from the fracture 
edge observed histologically or radiographically (Fig. 1, Fig. 2; Claes and Heigele 1999; 
Claes et al. 2000; Epari et al. 2006a; Goodship and Kenwright 1985; Stürmer 1984). While 
this may suggest a need for alternative growth and differentiation rules, it may equally 
indicate limitations in the way the soft tissues and/or interfaces are modelled. The finite 
element models assume continuity across the full geometric domain, and this is essential to 
the transmission of strain. If, however, sliding were permitted between the haematoma or 
granulation tissue and the bone or surrounding tissues (e.g. due to loose or ruptured 
attachments), the deviatoric strains adjacent to the fracture would be mitigated. Such 
measures could be introduced to the models as failure criteria or as partially constrained 
interfaces. 
Averaging element compositions over successive iterations to obtain material properties 
(Isaksson et al. 2006b; Lacroix 2000) implies a constant differentiation rate. The tacit growth 
and differentiation rates require a uniform finite element mesh density for consistency. For 
future models, we favour using a more direct rule of mixtures (e.g. Ament and Hofer 2000; 
Isaksson et al. 2008a; Simon et al. 2011; Steiner et al. 2013; Steiner et al. 2014), with change 
rates explicitly specified. This would allow tuning of outputs such as the rate of increase in 
load share and decrease in interfragmentary movement. Average callus sizes at discrete time-
points from experiments would assist in defining appropriate rates. 
By increasing the rate of intramembranous bone formation in the “periosteum” models, for 
example, the faster hard callus growth may limit both the magnitude and the effect of the 
deviatoric strain artefact. However, the presence of this limit on bone formation may also 
suggest that strains in soft tissues are not sufficient to predict callus growth. Perren and 
Cordey (1980) proposed that “a tissue cannot exist under strain conditions exceeding the 
elongation at the rupture of the tissue.” This suggests disruption rather than inhibition of new 
tissue; it is also useful to consider here that loading is not constant, and that much of the 
repair process will occur during relatively unloaded periods. If a stiffer tissue such as bone 
begins to form, the models’ calculations will result in a lower strain, drastically increasing the 
likelihood of bone growth. Our experiments with such a regime, however, grossly over-
predicted bone growth, which may also reflect limitations in model resolution and the 
assumed rules of mixtures used to determine composite elastic moduli and Poisson’s ratios. 
If it is assumed that the mechanical environment regulates the transformation of an 
undifferentiated soft tissue into cartilaginous or bony callus, it is critical for modelling to 
accurately define the geometry and properties of the initial soft tissue. However, these data 
are not currently available to a high degree of certainty. We have shown that this has strong 
implications for the predictive power of iterative finite element models of the healing process. 
To address this difficulty and obtain more meaningful predictions of the later stages of 
fracture healing, it may be preferable to base the model’s initial state, for example, on the 
histology a one-week time-point. 
Alternatively, it may be instructive to consider bone healing in the absence of (substantial) 
loading, as occurs in amputation, critically sized defects, atrophic non-unions, or periosteal 
damage/stimulation. In these cases, there is an initial healing response, involving activation 
of the periosteum and intramembranous ossification, but this subsides in the absence of 
further mechanical or biochemical stimuli (McKibbin 1978). It may also be useful to consider 
the way in which tissues grow. For example, soft tissues (such as periosteum) expand 
interstitially, rather than appositionally (Marenzana et al. 2006). A model incorporating these 
behaviours may be able to better predict the development of the early callus, to which the 
mechanobiological rules can be subsequently applied with more confidence. In cases where 
considerable movement occurs under loading, accurate simulation may also need full loading 
to be delayed, in accordance with pain feedback. 
Although computationally more demanding, a further approach to eliminating strain artefacts 
would be to use adaptive meshing. This would eliminate the need for a “proto-callus” and the 
problem of excessive distortion in “null” elements, by adding elements to the model only as 
the growth algorithm requires. The same approach would be used to remove elements 
according to atrophy or remodelling rules. 
4.5 Conclusions 
To date, the majority of models simulating the fracture healing process assume that the local 
mechanical environment controls callus development. We have shown that pre-defining a 
field of soft tissue in which the callus can form strongly influences the strain field, and 
thereby, the predicted pattern of bone formation. Whereas histology taken from sheep 
experiments typically shows hard callus growth radiating from the cortical surface adjacent to 
the fracture site, a presumed callus shape results in inhibition of bone formation in the same 
region. A mechanobiological algorithm based entirely on dilatational strain is less susceptible 
to this artefact, but still predicts early hard callus formation over a broad area, and subsequent 
resorption. Starting with only a thin periosteal layer of soft tissue, and allowing bone and 
cartilage formation to grow the callus domain, shifts the early hard callus growth to a region 
more consistent with the histology. However, a growth model in which bone and cartilage are 
always preceded by a soft tissue remains subject to the effects of high deviatoric strains at the 
edge of the callus closest to the fracture. In an iterative healing model, the trajectory of callus 
growth affects all subsequent predictions. Our results show that this is strongly influenced by 
the presumed soft tissue geometry. Given the difficulty in defining this and mechanical 
properties with sufficient accuracy, it may be useful to test alternative regulatory algorithms 
for the early stages of fracture healing. 
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Table Captions 
Table 1 Elastic material properties for component tissue types (Simon et al. 2011) 
Table 2 Tissue differentiation rules (adapted from Isaksson et al. 2006b; Simon et al. 2011) 
Table 3 Strain ranges for tissue differentiation rules. Deviatoric and dilatational strain 
ranges adapted from Simon et al. (2011).  
Figure Captions 
Fig. 1 Comparison of typical hard callus growth patterns after sheep tibial osteotomy, 
indicated by histology (a, adapted from Stürmer 1984, with permission from Springer) and 
predicted by iterative mechano-biological models (b, from work previously reported by Chen 
et al. 2009). The yellow arrows indicate the trajectories of bone growth: the histology (a) 
suggests expansion from a point adjacent to the fracture, whereas models (b) typically predict 
expansion from the most distant part of the callus field. The numerals in (a) represent the 
healing time in weeks, and green and yellow mark bone boundaries at weeks 2 and 4 
respectively. In (b), red, green and blue indicate bone at weeks 1, 2 and 3 respectively, with 
intensity proportional to volume fraction and mixed colours representing multiple time-points 
(white = all three weeks, cyan = weeks 2 and 3). The computational model corresponds to an 
intermediate fracture gap width and ~32% interfragmentary strain (case D, Claes et al. 1997). 
Fig. 2 Typical hard callus development in an externally fixed sheep tibial osteotomy model 
(adapted from Epari 2006; Epari et al. 2006a, with permission from Elsevier), showing 
mineralisation (Von Kossa, black) and cartilage formation (Safranin Orange, white arrows) at 
(a, b) 2 weeks and (c) 3 weeks post-operatively. Approximate dimensions (mm) indicate the 
apparent pattern of hard callus growth. Sections shown are through medial cortices. 
Fig. 3 Geometry, loading and boundary conditions of sheep tibial osteotomy healing model. 
The model was based on that of Lacroix and Prendergast (2002a) and Isaksson et al. (2006b). 
Assuming symmetry about the axis of the bone and the mid-plane of the osteotomy gap, only 
a quarter of the geometry is modelled. The 600N load is distributed uniformly across the 
upper bone surface. The letters indicate initial tissue allocations: C cortical bone, M marrow, 
and G granulation tissue, with G1 denoting the “proto-callus” and G2 the 0.25mm 
“periosteum”. N marks the region of low-stiffness “null” elements. IFM denotes 
interfragmentary movement, which is limited by a “stop” constraint. 
Fig. 4 Deviatoric and dilatational strain distributions in “proto-callus” and 0.25mm 
“periosteum” finite element models under axial compression of 7% and 31% across the 
fracture gap. The strain levels shown correspond to ranges listed in Table 3, with B indicating 
osteogenic, C chondrogenic, F fibrogenic and A atrophic strains. 
Fig. 5 Predicted callus development within a defined field of granulation tissue, after one and 
two weeks of healing, according to deviatoric strain (a, b) and dilatational strain (c, d) 
regulation. Interfragmentary strain was limited to either 7% (a, c) or 31% (b, d). The 
logarithmic greyscale spectrum represents the effective elastic modulus (see Table 1 and 
Equation 1). C denotes cartilage growth, IB intramembranous bone formation, and EB 
endochondral ossification. 
Fig. 6 Callus development from an initial 0.25mm “periosteum”, at one and two weeks, 
predicted by a growth and differentiation algorithm under deviatoric (a, b)  and 
dilatational strain regulation (c, d). Results are shown for 7% (a, c) and 31% (b, d) 
interfragmentary strain limits. The logarithmic greyscale spectrum represents the 
effective elastic modulus (see Table 1 and Equation 1). C denotes cartilage growth, IB 
intramembranous bone formation, and EB endochondral ossification. 
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TISSUE 
ELASTIC 
MODULUS 
(MPa) 
POISSON’S 
RATIO 
Cortical bone 10,000 0.36 
Woven bone 4000 0.36 
Cartilage 200 0.45 
Fibrous tissue 3 0.3 
Granulation tissue 3 0.3 
Marrow 3 0.3 
 
Table 1
Click here to download Table: BMMB-D-14-00131-Table1.docx 
Strain Range Other Conditions Tissue at Next Iteration 
Atrophic  Granulation Tissue 
Osteogenic 
Adjacent / existing bone (Woven) Bone 
Other adjacent / existing differentiated 
tissue* Same as current 
Chondrogenic Adjacent / existing differentiated tissue* Cartilage 
Fibrogenic Adjacent / existing differentiated tissue* Fibrous Tissue 
Destructive  Granulation Tissue 
All other conditions Granulation Tissue 
* Bone, cartilage or fibrous tissue. 
 
Table 2
Click here to download Table: BMMB-D-14-00131-Table2.docx 
Strain Ranges Deviatoric (%) Dilatational (%) 
Atrophic εdev < 0.07 |εdil| < 0.02 
Osteogenic 0.07 < εdev < 7.0 0.02 < |εdil| < 0.85 
Chondrogenic 7.0 < εdev < 16 –5.0 < εdil < –0.85 
Fibrogenic 16 < εdev < 100 
–20 < εdil < –5 
1 < εdil < 20 
Destructive* εdev > 100 |εdil| > 20 
* Did not occur in models tested. 
Table 3
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